Fluorescence decay profiles are used to monitor carrier dynamics at the interface between single crystalline CdSe electrodes and 0.5M KOH solution. The fluorescence decay profiles are found to be independent of temperature over the range from 277K to 337K. It is also shown that a diffusion model of the carrier dynamics with a single rate constant for surface recombination does not adequately describe the observed dynamics.
INTRODUCTION
With extrinsic material under low level injection conditions and when self absorption is small the fluorescence decay provides a temporal profile of the minority carrier concentration. The fluorescence decay can be exploited to monitor the dynamics of charge carrier relaxation and charge transfer at the semiconductor/electrolyte interface. Time-resolved bandgap fluorescence has been used to determine the surface recombination velocity of photogenerated carriers in semiconductor electrodes. Fluorescence studies of Il-VI compounds, in particular CdSe and CdS, in contact with electrolyte solutions is available [1, 2] . The earlier work concentrates on the influence of surface preparation and electrolyte composition on the surface recombination velocity. In general, agreement with simple diffusion models of carrier motion has been observed, or assumed. The electrolyte composition, as well as surface preparation, is found to strongly affect the recombination velocity. An asset of time-resolved studies is the ability to directly test the validity of diffusion models for the carrier motion and recombination.
The work reported here on the fluoresence decay of CdSe electrodes is twofold. First decay profiles are shown which are not adequately described by a simple diffusion model for the carrier dynamics. Second a temperature study of the carrier recombination reveals that the surface recombination velocity does not have a strong temperature dependence.
MODEL OF CARRIER DYNAMICS
An appropriate model for the carrier motion probed by these studies is diffusion of minority carriers, 6p(r,t) = DV2p(r,t) -p(r,t) ÷ g(r,t) (1) St t where p(r,t) is the excess minority carrier concentration, D is the diffusion coefficient of the carriers, t is the bulk carrier relaxation time, and g(r,t) is the generation function of the carriers. This model may be enhanced by the addition of a drift term to account for the space charge field. The form of g(r,t) is determined by the exciting laser pulse. The spatial profile of the pulse is gaussian in the plane of the electrode surface, x and y, and is exponentially decaying into the crystal, z direction. In particular the form of g(z) is exp(-ct z) where a is the absorption coefficient. The boundary condition arising at the interface is
where V5 iS the surface recombination Velocity. This boundary condition is a manifestation of the conservation of carriers.
A number of workers have solved equation 1 for the carrier profile. Wilson and Pester [3] have shown how their general result corresponds to the results of other workers. In the limit of strong absorption of exciting light (A>1O) and weak self absorption of the fluorescence, they show that the decay profile should be given by
where A = ctL, S = v5fT, and T = t/t. The diffusion length, L, is given by and is the characteristic distance a minority carrier travels before recombination occurs. An important result of their work is the long time limit of this equation, namely 1(t) u exp(-T)/p'T' (4) indicating that the decay is not exponential at long time. 1) . In this simulation t = 3200 steps and A = 25. The best fit value for S is 55.8. However under more "realistic" conditions for surface recombination, a finite number of surface traps and a finite occupation time for the traps, significant deviations of the decay profiles from the analytical form are found.
EXPERIMENTAL DETAILS
Two different samples were probed in this study. All electrodes are single crystalline CdSe purchased from Cleveland Crystals and were polished in a series of grit sizes ending in 0.05 micron alumina. Both electrodes were etched (5% Br2/MeOH) before each temperature run. Electrode 1 was a native piece of CdSe as obtained from the manufacturer. This electrode gave similar decays whether etched or only freshly polished. Electrode 2 is a sample to which an ohmic contact was made by rubbing In/Ga eutectic on a roughened surface and heating in a muffle furnace at 600°C for 6 hrs. This electrode has also been used in various electrochemical studies. Mott-Schottky plots obtained at 1Khz modulation indicate a carrier density of 1.6 x 1017 cm3 in good agreement with the manufacturer supplied conductivity of this material. Preliminary results on the photocapacitance spectroscopy of this electrode indicates the existence of surface states located near 1.3 eV from the conduction band edge.
The fluorescence decay studies were performed on electrodes in contact with O.5M KOH solution which was degassed. The decays were obtained using the time correlated photon counting method. The excitation wavelength is 620 nm and corresponds to a skin depth in the material on the order of 600 A. It is estimated that the number density of photogenerated carriers per laser pulse is _ 1016/cm2. The emission was collected through a 10.8 nm bandwidth interference filter centered at 727 nm. The temperatures reported are accurate to one degree.
EXPERIMENTAL RESULTS
The fluorescence characteristics of the two samples were found to be the same to within the experimental error (see figure 2a) . The similarity of the decays indicates that the properties of the electrode change little in the preparation procedure. The bump near 1.5 nsec in the decay of electrode 1 is caused by a spurious reflection in the collected emission. Figure 2b shows a best fit of the decay of electrode 2 at T=278K to equation 3. The residuals of this best fit curve are clearly nonrandom and have values far outside the expected range, in fact the best fit chi-squared is 90. The best fit parameters are t = 2.8 nsec, A = 37 and S = 38. The curves can be fit to equation 4 at long time and result in a 't of 6.2 nsec. Use of literature values for the mobility of the majority carriers and the absorption coefficient at 620 nm along with the lifetime from fits of the data at long time indicate an expected A value of 22. Restricting A to the latter value results in an S value of 120. This S value corresponds to a surface recombination velocity of 61O cm/sec. The temperature dependence of the decays was studied over a range of 50 degrees to ascertain if the surface recombination rate is activated. Figure 3 shows two decay curves for electrode 2 taken at considerably different temperatures and yet the decay characteristics are similar. This lack of a temperature dependence is consistent with a process that is limited by propagation of carriers to the interface. 
CONCLUSIONS
The similarity of decay profiles at different temperatures and for the two electrodes is consistent with a decay dominated by the movement of carriers to the interface and is consistent with the high recombination velocities observed. The systematic deviations of the modeled dynamics from the observed dynamics indicates that the simple steady-state limit does not apply to the nonequilibrium conditions of this experiment.
An obvious limitation of the model is its failure to account for the filling of interfacial trapsites and the occupation lifetime of the trapsites. The effect of such processes on the form of the decay are shown in figure 4. The ratio of initial carrier population to trap population in these simulations is 2.5 and the percentage of trapsites along the surface is 15%. The occupation time of a trap increases as the curves become longer. The influence of trap filling and its impact on the excited state carrier dynamics has been previously reported for silicon [5] .
Whether this mechanism or some other mechanism is operative in the studies discussed here is being investigated. 
